The mossy fiber to CA3 pyramidal cell synapse (mf-CA3) provides a major source of excitation to the hippocampus. Thus far, these glutamatergic synapses are well recognized for showing a presynaptic, NMDA receptor-independent form of LTP that is expressed as a long-lasting increase of transmitter release. Here, we show that in addition to this ''classical'' LTP, mf-CA3 synapses can undergo a form of LTP characterized by a selective enhancement of NMDA receptor-mediated transmission. This potentiation requires coactivation of NMDA and mGlu5 receptors and a postsynaptic calcium rise. Unlike classical LTP, expression of this mossy fiber LTP is due to a PKC-dependent recruitment of NMDA receptors specifically to the mf-CA3 synapse via a SNARE-dependent process. Having two mechanistically different forms of LTP may allow mf-CA3 synapses to respond with more flexibility to the changing demands of the hippocampal network.
INTRODUCTION
One of the principal inputs to the hippocampus proper is the mossy fiber (mf) pathway. Mfs are the axons of dentate granule cells that project to the proximal dendrites of CA3 pyramidal neurons and provide powerful glutamatergic synaptic excitation (Henze et al., 2000 (Henze et al., , 2002 . Excitatory neurotransmission at the mf to CA3 pyramidal cell synapse (mf-CA3) is mediated postsynaptically by three types of ionotropic glutamate receptors: a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-D-aspartate (NMDA), and kainate (KA) receptors. At many excitatory synapses, activation of NMDA receptors (NMDARs) induces classical forms of long-term potentiation or depression (LTP/LTD) (Bliss and Collingridge, 1993; Malenka and Bear, 2004 ) that are mainly due to postsynaptic changes in AMPAR-mediated transmission (Bredt and Nicoll, 2003; Collingridge et al., 2004; Malinow and Malenka, 2002) . These NMDAR-dependent, postsynaptic forms of plasticity are not expressed by the mf-CA3 synapse (Nicoll and Schmitz, 2005) . Rather, these synapses are well known for expressing presynaptic forms of LTP and LTD, manifested as long-term changes in the probability of glutamate release. In addition, mf-CA3 synapses show uniquely robust frequency facilitation (Salin et al., 1996) and posttetanic potentiation (Griffith, 1990) , both presynaptic forms of short-term plasticity (Zucker and Regehr, 2002) . Thus, at present, activity-dependent changes in the efficacy of the mf-CA3 synapse are mainly understood to have a presynaptic site of expression.
While mf-CA3 synapses lack the classical forms of NMDARdependent, postsynaptic plasticity, anatomical studies have shown that NMDARs are nonetheless present at these synapses (Fritschy et al., 1998; Petralia et al., 1994; Takumi et al., 1999; Watanabe et al., 1998) , though their role is unclear. Electrophysiological examination has shown that mf stimulation results in a substantial NMDAR-mediated postsynaptic current, small only in comparison to the massive AMPAR-mediated component (Jonas et al., 1993; Spruston et al., 1995; Weisskopf and Nicoll, 1995) . NMDARs at the mf-CA3 synapse are reported to be modulated by endogenously released zinc (Vogt et al., 2000) , and their activation has been recently associated with a transient depression of KAR-mediated transmission (Rebola et al., 2007) . Beyond these data, much about the role of NMDARs at the mf-CA3 synapse remains unknown.
Although, in general, AMPARs mediate the bulk of excitatory transmission, NMDARs can also contribute to synaptic transmission (Daw et al., 1993) and neuronal excitability (Isaacson and Murphy, 2001; Sah et al., 1989) . NMDARs may play a key role in the persistent activity of neural assemblies as well (Major and Tank, 2004) . Because of the slow kinetics of NMDAR-EPSCs, increases in this component may contribute significantly to postsynaptic depolarization, particularly during repetitive synaptic activity. Given the high Ca 2+ permeability of NMDARs and the well-known actions of Ca 2+ as a second messenger, it is expected that longterm changes in NMDAR transmission may have important functional consequences for Ca 2+ -dependent cellular processes, including ''metaplasticity,'' a change in the inducibility of synaptic plasticity (Abraham and Bear, 1996) . In this study, we report that the mf-CA3 synapse can undergo a form of plasticity that is expressed postsynaptically as a selective, long-lasting increase in NMDAR neurotransmission. This potentiation requires postsynaptic calcium and is likely due to a PKC-dependent recruitment of NMDARs to the synapse. This form of mfLTP may provide a dynamic and potentially powerful mechanism for regulating mf-CA3 synaptic efficacy.
RESULTS

A Form of LTP at mf-CA3 Synapses Expressed by NMDARs
We examined the effect of a short tetanus, 24 stimuli at 25 Hz, on the AMPAR-and the NMDAR-mediated components of the mf-CA3 EPSC (AMPA-EPSC V hold = À60/À70 mV; NMDA-EPSC V hold = +30/+40 mV, see Experimental Procedures) in 100 mM picrotoxin and 3 mM CGP55845 to block GABA A and GABA B receptors, respectively. To better isolate the mf-CA3 EPSC from recurrent associational/commissural (i.e., polysynaptic) EPSCs, we reduced cellular excitability and thus inhibited the epileptiform activity to which the CA3 region is especially prone, using an extracellular solution containing 4 mM Ca 2+ and 4 mM Mg
2+
. Unexpectedly, this short tetanus triggered a selective LTP of mf-CA3 NMDAR-EPSCs but not of AMPAREPSCs (NMDAR-EPSC: 216% ± 29% of baseline, p < 0.001, AM-PAR-EPSCs 105% ± 5% of baseline, p > 0.3, n = 8) (Figures 1A and 1B) . We call this form of synaptic plasticity NMDAR mossy fiber LTP (NMDAR-mfLTP). In a separate experiment, to determine whether this potentiation was indeed selective for NMDAR-EPSCs, we tested the effect of the short tetanus on mf-CA3 KAR-EPSCs (Castillo et al., 1997; Vignes and Collingridge, 1997) . To isolate KAR-EPSCs, these experiments were performed in the presence of the AMPAR-selective antagonist GYKI 53655 (30 mM) in addition to picrotoxin and CGP55845 while voltage-clamping CA3 pyramidal cells to À70 mV. Under these recording conditions, we found that the same induction protocol that triggers robust NMDAR-mfLTP does not trigger any potentiation of KAR-EPSCs (101% ± 3% of baseline, n = 4 cells, p > 0.5) ( Figure 1C ). The selective potentiation of the NMDAR-mediated component strongly suggests a postsynaptic mechanism of expression for NMDAR-mfLTP, indicating that it constitutes a novel form of plasticity at the mf-CA3 synapse.
In the previous experiments, NMDAR-mfLTP was induced under rather nonphysiological recording conditions (i.e., V hold = +30/+40 mV, room temperature, high divalent concentration). We next used several approaches to trigger NMDAR-mfLTP under more physiological conditions, all induced by the same tetanus used in the previous experiments (24 stimuli at 25 Hz). While monitoring NMDAR-EPSCs at V hold = +30 mV, we delivered the induction tetanus at V hold = À60 mV, close to the normal resting membrane potential of CA3 pyramidal cells. These experiments were performed in presence of 20 mM NBQX, 100 mM picrotoxin, and 3 mM CGP55845 to block AMPA/KA, GABA A , and GABA B receptors, respectively, yielding significant NMDAR-mfLTP (257% ± 33% of baseline, n = 4, p < 0.005) (Figure 2A ). During the tetanus, a substantial inward current was observed, confirmed in separate experiments to be NMDAR dependent by complete block with the NMDAR-selective antagonists 20 mM CPP (Figure 2A , inset). While most of our studies were performed at room temperature (25 C), NMDAR-mfLTP can also occur at 35 C (208% ± 31% of baseline, n = 6, p < 0.001) ( Figure 2B ). NMDAR-mfLTP can also be elicited using low-more physiological-extracellular concentrations of Ca 2+ (1.7 mM) and Mg
(1.7 mM) (275% ± 41% of baseline, n = 5, p < 0.001) ( Figure 2C ). In addition, we took a less invasive extracellular recording approach and monitored NMDAR-mediated field potentials (NMDAR-fEPSPs). We tracked the amplitude of synaptic responses evoked by 200 Hz bursts of three test stimuli in a low [Mg 2+ ] extracellular solution (0.1 mM) in the continuous presence of 20 mM NBQX and 3 mM CGP55845 (picrotoxin was omitted in these experiments to avoid epileptiform activity). With these manipulations we were able to induce NMDARmfLTP (290% ± 40% of baseline, n = 3, p < 0.005) ( Figure 2D ). Finally, we monitored NMDAR-EPSPs using whole-cell recordings in current-clamp mode, with an extracellular solution containing divalent concentrations more typically used in electrophysiological experiments, e.g., 2.5 mM Ca 2+ and 1.3 mM
Mg
2+
. Resting membrane potential was maintained near À65 mV by current injection. NMDAR-EPSPs were elicited with brief 25 Hz bursts of five stimuli in 20 mM NBQX, 100 mM picrotoxin, and 3 mM CGP55845. Under these conditions, we found significant NMDAR-mfLTP (171% ± 19% of baseline, n = 4, p < 0.005) ( Figure 2E ). Together, these results show that NMDAR-mfLTP is a robust phenomenon that can be induced under several nearphysiological recording conditions. We next examined whether the induction protocol responsible for LTP of NMDAR-EPSCs at mf-CA3 synapses could trigger any form of plasticity at the associational/commissural (ac) inputs to CA3 cells (ac-CA3 synapses). In these experiments, we alternately evoked mf-CA3 and ac-CA3 NMDAR-EPSCs in the same CA3 pyramidal cell. NMDAR-EPSCs were monitored in 20 mM NBQX, 100 mM picrotoxin, and 3 mM CGP55845 while voltage-clamping at +30/+40 mV (these recording conditions were used throughout the rest of this study). To investigate potential heterosynaptic spread of NMDAR-mfLTP to nearby ac-CA3 synapses, we placed the ac stimulating pipettes <50 mm from s. lucidum. We found that NMDAR-LTP occurs at mf-CA3 but not at ac-CA3 synapses (mf-CA3: 189% ± 20% of baseline, p < 0.001; ac-CA3: 107% ± 8% of baseline, p > 0.5, n = 5) (Figures 3A and 3B) . Previous studies suggested that a stronger tetanus is required for NMDAR-LTP versus AMPAR-LTP at Schaffer collateral/commissural fiber inputs to CA1 pyramidal cells (Sch-CA1) (Aniksztejn and Ben-Ari, 1995; Bayazitov and Kleschevnikov, 2000; Berretta et al., 1991) . However, doubling the stimulus intensity during tetanus application to ac fibers triggered no NMDAR-LTP at ac-CA3 synapses (109% ± 9% of baseline, n = 3, p > 0.3, data not shown). Together, these observations indicate that NMDAR-LTP, at least when induced by a short tetanus, does not occur at, or spread to, ac-CA3 synapses. To address the question of whether spread to adjacent, naive mf inputs on the same CA3 pyramidal cell occurs, we monitored two independent mf inputs (see Supplemental Experimental Procedures available online), and only one of these inputs received the induction tetanus ( Figure 3C ). We found that only those mf inputs receiving the induction tetanus underwent NMDAR-mfLTP, whereas naive inputs showed no plasticity (Tet: 188% ± 30%, p < 0.01; Naive: 115% ± 18%, p > 0.1, n = 4) ( Figure 3D ), indicating that, at least under these experimental conditions, NMDAR-mfLTP is input specific (further description of the induction properties of NMDAR-mfLTP can be found in the Supplemental Data). , was only partially blocked by intracellular BAPTA (control: 409% ± 66% of baseline, n = 6; in BAPTA: 220% ± 21% of baseline, n = 6) ( Figure 4B ). Thus, while a short tetanus induces postsynaptic Ca
-dependent NMDAR-mfLTP, a longer tetanus seems to trigger two complementary forms of LTP: BAPTAsensitive NMDAR-mfLTP and BAPTA-resistant classical presynaptic mfLTP (Nicoll and Schmitz, 2005) . This differential sensitivity to postsynaptic BAPTA strongly suggests that different protocols can induce mechanistically different forms of mfLTP. Moreover, these results suggest that both types of plasticity can coexist at the same synapse.
Unlike Classical mfLTP, NMDAR-mfLTP Is Not Associated with an Increase in the Probability of Transmitter Release, and Is Independent of RIM1a Classical mfLTP is one of the best-characterized examples of presynaptic LTP. While some controversy regarding its induction mechanism still remains, there is universal agreement that the expression of mfLTP is due to an increase in neurotransmitter release (Nicoll and Schmitz, 2005) , which requires the active zone protein RIM1a . Consistent with a presynaptic mechanism of expression, mfLTP is associated with a decrease in paired-pulse facilitation (PPF). Changes in PPF reliably track manipulations that affect transmitter release (Manabe et al., 1993; Zucker and Regehr, 2002) . In addition, increased probability of transmitter release is usually accompanied by a decrease in the coefficient of variation (CV) (Faber and Korn, 1991; Zucker and Regehr, 2002) . Remarkably, induction of NMDAR-mfLTP with a short tetanus caused no lasting change in PPF (97% ± 5%, n = 7, p > 0.5) and no change in CV (control: 0.35 ± 0.02, 24 stimuli: 0.35 ± 0.03, n = 18, p > 0.5). However, when CA3 cells were loaded with 20 mM BAPTA to block NMDAR-mfLTP, classical mfLTP induced by a long tetanus was accompanied by a sustained reduction in both PPF (70% ± 4% of baseline, n = 4, p < 0.01) and CV (control: 0.36 ± 0.04, 125 stimuli: 0.26 ± 0.03, n = 8, p < 0.01) ( Figures 5A-5C ). These findings strongly suggest that NMDAR-mfLTP does not involve changes in transmitter release.
To further compare the expression mechanism of classical mfLTP and NMDAR-mfLTP, we tested RIM1a-KO mice, known to lack classical mfLTP . We found a virtually identical magnitude of NMDAR-mfLTP in RIM1a KO and wildtype mice (WT: 161% ± 15%, n = 7 cells, 4 mice versus KO: 160% ± 13%, n = 8 cells, 4 mice, p > 0.5) ( Figure 5D ). Here, as previously observed in rat hippocampal slices ( Figure 4B ), a longer tetanus (125 stimuli at 25 Hz) induced a much larger LTP ($4-fold potentiation), presumably comprised of both classical and NMDAR-only parts. Only a component of this total potentiation was abolished in RIM1a KO mice (WT: 376% ± 68%, n = 7 cells, 4 mice, versus KO: 227% ± 21%, n = 6 cells, 4 mice, p < 0.005) ( Figure 5E ), consistent with a RIM1a-independent mechanism for NMDAR-mfLTP. Importantly, in RIM1a KO mice, the remaining LTP induced by the longer tetanus was abolished by postsynaptic BAPTA (20 mM) (110% ± 8%, n = 4 cells, 2 mice, p > 0.1) ( Figure 5E ). Thus, in distinct contrast to classical presynaptic mfLTP, NMDAR-mfLTP does not require the presynaptic active zone protein RIM1a, supporting the notion that it is a different form of plasticity at mf-CA3 synapses. 
Neuron Hippocampal Mossy Fiber LTP of NMDAR Transmission
The Induction of NMDAR-mfLTP Requires NMDAR, mGluR5 Coactivation, and Calcium Release from Internal Stores Thus far, our findings support the following hypothesis: neurotransmitter released by repetitive stimulation of mfs activates postsynaptic receptors and triggers a Ca 2+ -dependent cascade of events leading to selective modification of NMDAR-mediated neurotransmission. Given that all experiments shown in Figures 2 and 3 were performed in the continuous presence of 20 mM NBQX, NMDAR-mfLTP induction must be independent of AMPAR/KAR activation. Could NMDARs and/or metabotropic glutamate receptors (mGluRs) mediate induction? NMDARs are good candidates because they are strongly activated by the induction tetanus (Figure 2) , have high Ca 2+ permeability, and a well-established role in the induction of other forms of long-term synaptic plasticity (Malenka and Bear, 2004) . Group I mGluRs (mGluR-I) that couple to phospholipase C are also good candidates as their activation by mf stimulation reportedly increases cytosolic Ca 2+ in CA3 pyramidal cells (Kapur et al., 2001; Yeckel et al., 1999) .
To examine whether activation of NMDARs is necessary for the induction of NMDAR-mfLTP, we transiently blocked these receptors during the inducing tetanus using the competitive and selective antagonist CPP (Figures 6A-6D ). After obtaining a stable NMDAR-EPSC baseline ($20 min), CPP was added to the bath for $4 min. To speed up CPP washout and recovery of NMDAR-mediated synaptic transmission, the perfusion rate was increased (to $4 ml/min for 20 min) immediately after the tetanus. We found that 5 mM CPP markedly reduced NMDAR-mfLTP when compared to interleaved control experiments without CPP (CPP: 123% ± 15% of baseline, n = 7: control LTP: 181% ± 16% of baseline, n = 7; p < 0.005; CPP washout was not complete 30-40 min postapplication in naive slices, 88% ± 10% of baseline, n = 4) ( Figure 6A ). At this dose, however, CPP only produced a partial blockade of NMDAREPSCs during the induction tetanus ( Figure 6B) ; the large facilitation of glutamate release that occurs at mf-CA3 synapses during the induction tetanus is probably sufficient to out-compete 5 mM CPP. Increasing the dose of CPP to 20 mM fully blocked this tetanus-induced current ( Figure 6B ) as well as NMDAR-mfLTP, although the recovery of synaptic transmission during washout in nontetanized slices was much slower (CPP, tetanized: 75% ± 5% of baseline, n = 5; CPP, nontetanized: 73% ± 10% of baseline, n = 5, p > 0.5; measurements were taken 30-40 min post-CPP application) ( Figure 6C ). These results clearly show that the induction of NMDAR-mfLTP requires NMDAR activation.
We next examined whether mGluR-I (mGluR1 and mGluR5 subtypes) might also be required for the induction of NMDARmfLTP by using the selective antagonists CPCCOEt, which blocks mGluR1, and MPEP, which blocks mGluR5. Bath application of MPEP (4 mM) abolished NMDAR-mfLTP (MPEP: 107% ± 18% of baseline, n = 6, p > 0.5; control LTP in interleaved slices: 185% ± 16% of baseline, n = 6, p < 0.001) ( Figure 6E ). In contrast, NMDAR-mfLTP was normal in CPCCOEt (100 mM) (CPCCOEt: 185% ± 15% of baseline, n = 4, p < 0.005) ( Figure 6E ). Neither of these antagonists had any significant effect on baseline transmission (data not shown). If postsynaptic mGluRs are required for NMDAR-mfLTP, interfering with the signaling cascade downstream from these receptors in CA3 pyramidal cells should also affect the magnitude of this form of plasticity. To test this possibility, we included the irreversible G protein inhibitor GDP-bS (2 mM) in the recording pipette and found that this manipulation also blocked NMDAR-mfLTP (GDP-bS 100% ± 4% of baseline, n = 4, p > 0.5; control LTP in interleaved slices 196% ± 13% of baseline, n = 4, p < 0.001) ( Figure 6F ). Together, these results show that in addition to the NMDAR, the induction of NMDAR-mfLTP also requires activation of postsynaptic mGluR5.
To investigate whether mGluR5 activation is sufficient to induce NMDAR-mfLTP, we bath applied the mGluR-I agonist DHPG in the presence of the mGluR1 antagonist CPCCOEt (D) RIM1a deletion had no effect on NMDAR-mfLTP (four WT mice and four RIM1a KO mice). (E) A longer tetanus (125 stimuli) induced robust mfLTP, which included a RIM1a-dependent component (presynaptic mfLTP) and a RIM1a-independent component (NMDAR-mfLTP) (four WT mice and four RIM1a KO mice). This latter component was abolished by BAPTA (four cells/two mice). Error bars indicate ± SEM.
(100 mM). In these experiments we also monitored ac NMDAREPSCs from the same CA3 pyramidal cell. We found that a 50 mM DHPG application for 10 min induced modest but significant LTP of mf NMDAR-EPSCS (134% ± 18% of baseline, n = 8, p < 0.05) ( Figure 6G ). In contrast, DHPG application triggered LTD of ac NMDA-EPSCs (80% ± 5% of baseline, n = 7, p < 0.01) (data not shown). Thus, like the synaptically induced NMDAR-mfLTP, the DHPG-induced potentiation of NMDAR-EPSCs selectively occurs at mf-CA3 but not ac-CA3 synapses. To investigate whether DHPG-induced potentiation mimics synaptically induced NMDAR-mfLTP, we tested for occlusion and applied DHPG 15-20 min after tetanus. Indeed, once NMDAR-mfLTP was established, DHPG application failed to trigger additional LTP (91% ± 2% of baseline, n = 6; p < 0.05 versus control), suggesting that both synaptically induced and DHPG-induced phenomena share a similar mechanism. While activation of mGluRs5 alone can trigger long-lasting potentiation of mf NMDAR-mediated transmission, this induction mechanism seems to be less efficient than a burst of presynaptic activity. mGluR5 couples to phospholipase C (PLC) via Gq, setting in motion two well-known signaling cascades: the release of Ca 2+ from IP3-sensitive intracellular stores and DAG-triggered PKC activation. Due to the necessity of mGluR5 activation, we investigated the role of these downstream signaling pathways in NMDAR-mfLTP. Several studies have implicated Ca 2+ stores in synaptic plasticity (reviewed in Berridge, 1998; Fitzjohn and Collingridge, 2002) . Importantly, Ca 2+ stores are known to contribute to the Ca 2+ transients induced by repetitive activation of mfs (Kapur et al., 2001) . To test the role of smooth endoplasmic reticulum (ER)-derived Ca 2+ stores, we incubated hippocampal slices in 30 mM cyclopiazonic acid (CPA), a selective blocker of sarcoplasmic-endoplasmic reticulum Ca 2+ /ATPase pumps that is used to deplete smooth ER-derived Ca 2+ stores. As shown in Figure 6H , no NMDAR-mfLTP was observed in slices treated with CPA (CPA: 107% ± 10% of baseline, n = 5, p > 0.5; LTP in interleaved control slices: 183% ± 12% of baseline, n = 5; p < 0.001). To assess the relative contributions of IP3-and ryanodine receptor-mediated Ca 2+ release, the respective blockers heparin (2.5 mg/ml) or ruthenium red (20 mM) were included in the recording pipette ( Figure 6I ). We found that heparin markedly reduced NMDAR-mfLTP (heparin: 128% ± 20% of baseline, n = 5; control LTP in interleaved experiments: 192% ± 20% of baseline, n = 5; p < 0.05), whereas ruthenium red had no effect (ruthenium red: 196% ± 19% of baseline, n = 4). Thus, Ca 2+ release from intracellular stores via IP3, but not ryanodine receptors, is also involved in NMDAR-mfLTP.
PKC Activation Is Necessary and Sufficient to Trigger NMDAR-mfLTP
Phosphorylation is an important regulator of NMDAR function and trafficking (Carroll and Zukin, 2002; Chen and Roche, 2007; Lau and Zukin, 2007; Wenthold et al., 2003) . Previous studies have shown that PKC facilitates NMDAR-mediated currents in Xenopus oocytes expressing recombinant NMDARs (Kelso et al., 1992; Lan et al., 2001a) and in cultured neurons (Chen and Huang, 1992; Gerber et al., 1989; Lu et al., 1999; Xiong et al., 1998) . In addition, PKC blockade interferes with potentiation of NMDAR-mediated transmission in CA1 pyramidal cells (Grosshans et al., 2002) and in ventral tegmental area (VTA) dopaminergic neurons (Borgland et al., 2006) . Given these results, we wondered whether NMDAR-mfLTP might be mediated by PKC activation. The fact that postsynaptic Ca 2+ rise and mGluR5 activation are both required for the induction of NMDAR-mfLTP strongly suggests the involvement of a conventional (e.g., Ca
2+
-dependent) PKC isoform in this form of plasticity. To test this possibility, we included the selective PKC blocker chelerythrine (10 mM) in the recording pipette, a manipulation that did not noticeably affect baseline transmission (data not shown). Chelerythrine abolished NMDAR-mfLTP (chelerythrine: 113% ± 13% of baseline, n = 6, p > 0.5; control LTP in interleaved experiments: 180% ± 18% of baseline, n = 5; p < 0.005) ( Figure 7A ).
We also tested whether PKC activation could mimic NMDARmfLTP. Previous studies have shown that loading cultured and isolated hippocampal neurons with PKM, a constitutively active fragment of PKC, facilitates NMDAR-mediated currents (Lan et al., 2001a; Lu et al., 1999; Xiong et al., 1998) . We found that loading of CA3 pyramidal cells with 0.3 mM PKM potentiates mf NMDAR-EPSCs, but in the same cell this manipulation did not affect ac NMDAR-EPSCs (mf: 215% ± 12%, p < 0.0005; ac 82% ± 11%, p > 0.1; n = 4) ( Figure 7B ). Furthermore, subsequent application of the induction tetanus to mfs triggered only a weak NMDAR-mfLTP (125% ± 5% of baseline post PKM-loading) ( Figure 7B ), strongly suggesting that PKM-induced and synaptically induced potentiation share a common mechanism. At the ac-CA3 synapse, while PKM did not potentiate NMDAR-EPSCs, PKM clearly potentiated AMPAR-EPSCs (185% ± 13%, n = 7, p < 0.001) ( Figure 7C ), indicating that the lack of effect on NMDAR-EPSCs was not an artifact of poor diffusion of PKM to the more distal ac synapses. This observation is consistent with previous studies showing PKC/M potentiation of AMPAREPSCs at CA3-CA1 pyramidal cell synapses (Hu et al., 1987; Ling et al., 2002) . Importantly, PKM had no effect on mf-CA3 AMPAR-EPSCs in the same cells (101% ± 13%, n = 7, p > 0.5) ( Figure 7C ), indicating that this PKC-mediated potentiation, like synaptically induced NMDAR-mfLTP, is selective for the NMDAR-mediated component of mf-CA3 synaptic transmission. Taken together, these results show that activation of PKC is necessary to induce NMDAR-mfLTP and is sufficient to potentiate the NMDAR component of mf-CA3 synaptic transmission.
NMDAR-mfLTP Results from Postsynaptic Recruitment of NMDARs via a SNARE-Dependent Process
The SNARE family of membrane fusion proteins is thought to play a crucial role in the postsynaptic trafficking of glutamate receptors (Lan et al., 2001a; Lledo et al., 1998; Lu et al., 2001; Luscher et al., 1999; Washbourne et al., 2004) . Rapid NMDAR delivery to the cell membrane in Xenopus oocytes reportedly occurs via SNARE-dependent exocytosis (Lan et al., 2001a) . If NMDAR-mfLTP results from the delivery of new receptors to the postsynaptic area, disruption of exocytosis should also disrupt potentiation. To test this possibility, we first examined the effects of loading CA3 pyramidal cells with the light chains of type B botulinum toxin (BoTx), which is known to inactivate v-SNAREs (e.g., synaptobrevin), thereby preventing exocytosis and AMPA receptor surface insertion in CA1 pyramidal cells (Lledo et al., 1998; Luscher et al., 1999) . We found that BoTx inhibited NMDAR-mfLTP, whereas in interleaved slices, heat-inactivated BoTx (95 C for 30 min) had no effect (BoTx: 120% ± 15% of baseline, n = 5, p > 0.1; inactivated BoTx: 193% ± 15% of baseline, n = 6, p < 0.001) ( Figure 8A ). To increase the enzymatic activity of BoTx, these experiments were performed at 35 C. Second, we used a short peptide (11 amino acids, see Experimental Procedures) that mimics the C-terminal sequence of the synaptosomal-associated protein of 25 kDa (SNAP-25) and interferes with the formation of the SNARE complex (Gutierrez et al., 1997) . Loading CA3 cells with this peptide also inhibited NMDAR-mfLTP, whereas a scrambled peptide had no effect (SNAP-25 peptide: 108% ± 4% of baseline, n = 5, p > 0.1; scrambled peptide: 189% ± 15% of baseline, n = 6; p < 0.001) ( Figure 8B ). Importantly, intracellular perfusion with BoTx or the SNAP-25 peptide alone did not affect basal mf NMDAR-mediated synaptic transmission (30 min perfusion, data not shown, n = 3 cells for each agent), suggesting a relatively low rate of NMDAR constitutive recycling at mf-CA3 synapses. Thus, interfering with postsynaptic SNARE complex formation disrupts NMDAR-mfLTP. This finding strongly suggests that NMDARmfLTP is likely due to the postsynaptic insertion of NMDARs.
DISCUSSION Two Mechanistically Different Forms of LTP Coexist at Mossy Fiber to CA3 Pyramidal Cell Synapses
Here we have identified a form of plasticity at mf-CA3 synapses characterized by a selective enhancement of NMDAR-mediated synaptic transmission. In contrast to classical presynapticmfLTP (Nicoll and Schmitz, 2005) , NMDAR-mfLTP is induced and expressed postsynaptically. Thus, mf-CA3 synapses can undergo two different forms of LTP ( Figure S2 ): a presynaptic form, which is typically induced by relatively long repetitive stimulation of mfs and is independent of postsynaptic activation (classical mfLTP); and a postsynaptic form, which requires NMDAR/mGluR5 coactivation and can be triggered by a brief burst of mf activity (NMDAR-mfLTP). Previous studies support a model for classical mfLTP in which the induction tetanus causes presynaptic Ca 2+ to increase and activate PKA, which then enhances evoked glutamate release, probably by modifying the transmitter release machinery in a process requiring Rab3A and the active zone protein RIM1a (Nicoll and Schmitz, 2005) . In contrast, NMDAR-mfLTP induction requires coactivation of NMDA and mGlu5 receptors, resulting in postsynaptic Ca 2+ increase. This Ca 2+ signal in conjunction with DAG, activates PKC, thus promoting NMDAR insertion into mf-CA3 synapses via a SNARE-dependent process. Having two mechanistically different forms of LTP may allow mf-CA3 synapse to respond with more specificity and flexibility to the changing demands of the circuit.
Why has NMDAR-mfLTP escaped detection until now? This lapse is likely due to the experimental conditions commonly used by most investigators to study mf-CA3 synaptic plasticity. Early studies demonstrated that, unlike the well-characterized NMDAR-dependent LTP at Sch-CA1 synapses, activation of NMDARs is not required for the induction of mfLTP (Harris and Cotman, 1986; Zalutsky and Nicoll, 1990) . Because mf responses can be easily contaminated by non-mf ones (e.g., ac-CA3 synapses) (Claiborne et al., 1993; Henze et al., 2000; Nicoll and Schmitz, 2005) , which express NMDAR-dependent LTP (Zalutsky and Nicoll, 1990) , most studies have included NMDAR antagonists in the recording solution in order to avoid the potential contribution of this component when studying mfLTP, which precluded observation of NMDAR-mfLTP. Some studies have assessed mfLTP by monitoring NMDAR-EPSCs (Schmitz et al., 2003; Weisskopf and Nicoll, 1995) . Although these studies assumed that the LTP that they observed was a strictly presynaptic phenomenon, our findings suggest that there may well have been a postsynaptic component in some cases, particularly when inducing LTP with brief bursts of presynaptic activity. Schmitz et al. (2003) have found no potentiation of mf NMDAREPSCs using the same induction protocol that in our study triggers NMDAR-mfLTP (e.g., 24 stimuli at 25 Hz). However, mfLTP of NMDAR-EPSCs was elicited just by doubling the number of stimuli (Schmitz et al., 2003) . Minor differences in experimental procedures could account for a different induction threshold between these studies. Finally, Schmitz et al. (2003) have reported that presynaptic KARs facilitate the induction of NMDAR-mfLTP. Given the postsynaptic nature of this form of plasticity, it is possible that at least part of this facilitation may actually be mediated by postsynaptic KARs.
LTP of NMDAR-mediated transmission has been previously reported in several brain structures, including the CA1 area of the hippocampus (Aniksztejn and Ben-Ari, 1995; Bashir et al., 1991; Bayazitov and Kleschevnikov, 2000; Berretta et al., 1991; Clark and Collingridge, 1995; Grosshans et al., 2002; Xiao et al., 1995) , dentate gyrus (O'Connor et al., 1994; Xie et al., 1992) , and visual cortex (Watt et al., 2004) . Some studies have suggested that a stronger tetanus is required to induce LTP of NMDAR versus AMPAR responses (Aniksztejn and Ben-Ari, 1995; Bayazitov and Kleschevnikov, 2000; Berretta et al., 1991) . Recently, induction of AMPAR plasticity at neonatal Sch-CA1 synapses has been associated with rapid changes in the subunit composition of synaptic NMDARs; such changes, however, disappear in mature synapses and do not result in any significant modification in NMDAR-EPSC amplitude (Bellone and Nicoll, 2007) . Here we show that repetitive activation of mfs can induce robust LTP of NMDAR transmission at mature mf-CA3 synapses, even with a relatively weak tetanus and in the absence of mf-CA3 AMPAR plasticity. It will be interesting to know whether other mf targets (i.e., CA3 interneurons) that show NMDAR-dependent plasticity (Lei and McBain, 2002) are also capable of expressing LTP of NMDAR transmission.
Induction Mechanism of NMDAR-mfLTP
Two Ca 2+ sources may contribute to the induction of NMDARmfLTP, Ca 2+ influx through NMDARs and Ca 2+ release from internal stores. There is good evidence that activation of mGluR-I, which leads to PLC activation and IP3 production, is one of the most prevalent and effective means of triggering Ca 2+ release from intracellular stores in CNS neurons (Ross et al., 2005) . Indeed, Ca 2+ stores have been found to contribute to the Ca 2+ transients induced by repetitive mf activation (Kapur et al., 2001; Pozzo-Miller et al., 1996; Yeckel et al., 1999) . Using protocols of mf stimulation similar to those used in our study, Kapur et al. (2001) showed that brief 20 Hz bursts of presynaptic activity, by activating mGluR-I on CA3 pyramidal cells, were sufficient to induce Ca 2+ release from IP3-sensitive internal stores. Consistent with these observations, we report here that the induction of NMDAR-mfLTP requires mGluR5 activation and IP3-mediated, but not ryanodine-mediated, Ca 2+ release.
The mGluR5 requirement for the induction of NMDAR-mfLTP is consistent with a previous report showing blockade of NMDAR-LTP at Sch-CA1 synapses in mice lacking mGluR5 (Jia et al., 1998) , and an earlier study showing that pharmacological blockade of mGluR-I abolishes NMDAR-LTP in dentate gyrus (O'Connor et al., 1994) . Intriguingly, Yeckel et al. (1999) have reported that activation of mGluR-I in CA3 pyramidal cells and the resulting increase in postsynaptic Ca 2+ plays a critical role in the induction of presynaptic mfLTP. Thus, it is possible that mGluR-I may contribute to both presynaptic and postsynaptic forms of mfLTP. Notably, the induction of NMDAR-mfLTP not only requires mGluR5 but also NMDAR activation. This requirement fits well with previous observations showing that coactivation of mGluR5 and NMDARs potentiates NMDAR currents in cultured hippocampal neurons and that activation of NMDARs acts synergistically with mGluR-I to enhance Ca 2+ release in both cultured hippocampal cells (Rae et al., 2000) and in CA1 pyramidal neurons in acute hippocampal slices (Nakamura et al., 2002) (additional evidence for mGluR5/NMDAR interaction can be found in . NMDARs have high Ca 2+ permeability and reportedly contribute to the Ca 2+ transients observed in thorny excrescences following mf activation (Ho et al., 2007; Reid et al., 2001) . Because robust NMDAR-mfLTP could still be induced at a holding potential (e.g., +30 mV) where the Ca 2+ influx is expected to be relatively small, it could be argued that Ca 2+ influx through NMDARs is unlikely to be the main source of Ca 2+ for induction. At positive potentials, however, significant Ca 2+ influx can occur through NMDARs (Schneggenburger et al., 1993) , in particular as a result of repetitive activation of these receptors during tetanus application. Even a small amount of Ca 2+ influx through NMDARs may provide an important local signal for the synergistic interaction with mGluR5 . Regardless of the precise Ca 2+ source, it is possible that the induction of NMDAR-mfLTP may require a significant postsynaptic Ca 2+ accumulation within the large thorny excrescence, a condition that may occur only as a result of a supralinear Ca 2+ increase induced by NMDAR/mGluR5 coactivation.
Postsynaptic Expression of NMDAR-mfLTP
Our results strongly suggest that NMDAR-mfLTP is due to rapid recruitment of NMDARs to mf-CA3 synapses, most likely by insertion of vesicle-associated NMDARs. Until recently, NMDARs were considered immobile once in the plasma membrane, especially compared to AMPARs (Bredt and Nicoll, 2003; Malinow and Malenka, 2002) . However, recent studies have revealed that NMDARs can cycle rapidly into and out of synapses through several different mechanisms (reviewed in Carroll and Zukin, 2002; Collingridge et al., 2004; Lau and Zukin, 2007; Nong et al., 2004; Perez-Otano and Ehlers, 2005; Wenthold et al., 2003) . First, NMDARs can be induced to redistribute in the plane of the membrane, moving from extrasynaptic to synaptic pools (Groc et al., 2004; Tovar and Westbrook, 2002) . Second, there is regulated delivery of new receptors to the postsynaptic membrane via SNARE-dependent exocytosis, and this process may require synaptic activity and the activity of various protein kinases (Barria and Malinow, 2002; Grosshans et al., 2002; Lan et al., 2001a Lan et al., , 2001b Scott et al., 2001; Skeberdis et al., 2001) . Third, NMDARs can be rapidly removed from the neuronal surface and/or synapse by endocytosis (Li et al., 2002; see Morishita et al., 2005 for an alternative mechanism; Nong et al., 2003; Roche et al., 2001; Snyder et al., 2001) . Because most studies addressing NMDAR trafficking have been performed in expression systems and cultured hippocampal neurons, the extent to which similar mechanisms apply in more intact preparations and in vivo is largely unknown. In this regard, the mf-CA3 synapse constitutes a model synapse where activity-dependent NMDAR trafficking can be conveniently studied, not only because of the strong NMDAR trafficking-mediated LTP observed at this synapse, but also because its proximity to the soma makes it relatively easy to access the postsynaptic compartment via the patch pipette. By targeting two different proteins critical to the formation of the SNARE complex (with patch pipette delivery of BoNT B, which inactivates the v-SNARE synaptobrevin, and a short peptide which interferes with SNAP-25), we show that NMDAR-mfLTP requires normal SNARE-dependent exocytosis postsynaptically. Although we cannot formally exclude the contribution of reduced NMDAR endocytosis to NMDAR-mfLTP, we deem this possibility unlikely, as the inhibitors of exocytosis did not substantially impact basal NMDAR-mediated mf-CA3 neurotransmission. Rather, our results are more consistent with previous observations in hippocampal cultured neurons showing that PKC, within minutes, promotes the insertion of functional NMDARs into the surface of neuronal dendrites (Lan et al., 2001a) , a process that can also be triggered by activation of mGluR-I (Lan et al., 2001b) . In acute hippocampal slices, the induction of LTP at CA1 synapses is reportedly associated with an increase in NMDAR surface expression in adult but not early postnatal rats (Grosshans et al., 2002) . The young age of our animals might have contributed to our own inability to induce NMDAR-LTP at ac-CA3 or Sch-CA1 synapses (unpublished data from our laboratory and Figure 3B ). A recent study has shown that acute cocaine injection enhances NMDAR-mediated neurotransmission at glutamatergic synapses onto VTA dopaminergic neurons by promoting the rapid insertion of NMDARs in a PKCdependent manner (Borgland et al., 2006) . This action is mediated by the activation of orexin receptors on VTA neurons, which, like mGluR-I in CA3 pyramidal cells, couple to PLC (Zhu et al., 2003) . These studies together with our findings at mf-CA3 synapses strengthen the hypothesis that NMDARs can undergo activity-dependent changes in intact synapses in a PKC-dependent manner.
Functional Relevance mf-CA3 synapses present an especially interesting case for NMDAR function because of their relatively high efficacy (Henze et al., 2002) and uniquely robust frequency facilitation (Salin et al., 1996) . Here, even brief bursts of mf activity are sufficient to bring the postsynaptic membrane potential to action potential threshold, ensuring the relief of NMDAR Mg 2+ block. Moreover, such bursts of activity also activate postsynaptic mGluR-I, which mobilize Ca 2+ from intracellular stores (Kapur et al., 2001 ). Because of the supralinear dendritic Ca 2+ accumulation that follows mGluR and NMDAR coactivation (Nakamura et al., 1999; Rae et al., 2000) -sensitive enzymes (e.g., CaMKII, PKA, PKC, mitogen-activated protein kinase, and protein phosphatases) (Berridge, 1998) , and thereby modulate numerous cellular processes in CA3 pyramidal cells.
NMDAR-mfLTP could modify the input/output properties of CA3 neurons and the inducibility of synaptic plasticity. Given the slow kinetics of NMDAR-mediated synaptic responses, NMDAR-mfLTP could also alter the temporal nature of synaptic integration in CA3 pyramidal cells. In this context, it is worth noting that selective removal of NMDARs (NR1 subunit) from these cells by genetic manipulation has an important impact on memory acquisition (Nakazawa et al., 2003) , associative memory recall, and pattern completion (Nakazawa et al., 2002) , contextual learning (Cravens et al., 2006) , and trace conditioning learning (Kishimoto et al., 2006) . While it is commonly assumed that NMDARs at ac-CA3 synapses mediate this effect on learning and memory, direct evidence for this possibility is lacking and NMDARs at mf-CA3 synapses may also contribute (Treves and Rolls, 1992; Tsukamoto et al., 2003) . Future studies will be necessary to determine the link between these receptors and hippocampal network function.
EXPERIMENTAL PROCEDURES
Hippocampal slices were prepared from Wistar rats (18-25 days old; Charles River) and paired RIM1a KO and WT mouse littermates (18-32 days old). RIM1a KO mice were generated as described previously . All animal procedures were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. After animals were deeply anesthetized with isoflurane, they were decapitated and the brain rapidly removed into chilled cutting solution consisting of (in mM) 215 sucrose, 2.5 KCl, 20 glucose, 26 NaHCO 3 , 1.6 NaH 2 PO 4 , 1 CaCl 2 , 4 MgCl 2 , and 4 MgSO 4 . Hippocampi were dissected out and cut into 400 mm thick transverse sections on a DTK-2000 vibrating microslicer (Dosaka EM Co., Ltd., Japan). The cutting solution was slowly exchanged with artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 2.5 KCl, 10 glucose, 26 NaHCO 3 , 1.0 NaH 2 PO 4 , 2.5 CaCl 2 , and 1.3 MgCl 2 . Both cutting and ACSF solutions were saturated with 95% O 2 and 5% CO 2 (pH 7.4). The slices were incubated at room temperature for at least 1.5 hr before recording. The slices were then transferred as needed to a recording chamber and were perfused with ACSF (2 ml/min).
Whole-cell recordings of CA3 pyramidal cells were obtained using standard techniques. To maximize cell health and recording stability, cells deep below the surface of the slice were recorded semi-''blind.'' The recording pipette solution for voltage-clamp recordings contained (in mM) 123 cesium gluconate, 8 NaCl, 1 CaCl 2 , 10 EGTA, 10 HEPES, and 10 glucose (pH 7.3, (290) (291) (292) (293) (294) (295) , and the recording pipette resistance ranged between 3 and 4 MU. Series resistance (6-15 MU) and input resistance were monitored throughout each voltage-clamp recording with 80 ms, À4 mV steps. Recordings with >10% change in series resistance were systematically excluded. The pipette solution for current-clamp recordings contained (in mM) 135 KMeS0 3 , 5 KCl, 1 CaCl 2 , 5 EGTA-Na, 10 HEPES, 10 glucose, 5 MgATP, and 0.4 Na 3 GTP. Resting potential ranged from À69 to À58 mV. Field potentials were recorded extracellularly with patch-type pipettes filled with 1 M NaCl and placed in the s. lucidum of CA3. To avoid polysynaptic contamination, Ca 2+ and Mg 2+ extracellular concentrations were increased to 4 mM unless otherwise stated. Maximal recording time after dissection was 6 hr. Recording temperature was set to 25.0 C ± 0.1 C (unless stated differently) using a TC-344B dual-channel temperature controller (Warner Instruments, Inc, Hamden, CT, USA). Synaptic afferents were activated by monopolar stimulation delivered via a patch-type pipette broken to a tip diameter of $10 mm and filled with external saline. This stimulating electrode was placed in the dentate gyrus cell body layer to activate mfs and in the CA3 s. radiatum to activate ac fibers. The baseline stimulation rate was 0.1 Hz for all experiments, except when short bursts were applied during baseline ( Figures 2D and 2E) where the interburst-stimulus interval was 30 s. To confirm that the activated afferents are not contaminated by ac inputs, 1 mM DCG-IV, a group II mGluR agonist that blocks mf but not ac synaptic transmission, was applied at the end of every experiment, and the data were accepted only if synaptic responses were reduced by more than 90%. The synaptic response remaining in DCG-IV was then subtracted from all previous responses before further analysis to isolate mf-specific synaptic activity. Unless otherwise noted, NMDAR-EPSCs were monitored in 20 mM NBQX, 100 mM picrotoxin, and 3 mM CGP55845 while voltage-clamping to +30/+40 mV. For KAR-EPSC, the selective AMPAR antagonist GYKI 53655 (30 mM) was used instead of NBQX and cells were voltage-clamped to À60 mV. AMPAR-, NMDAR-, and KAR-mediated mf-CA3 EPSCs were all evoked by single stimulation in the dentate gyrus.
All experiments were executed with a MultiClamp 700B (Axon Instruments Inc./Molecular Devices, Union City, CA, USA). Electrophysiological data were digitized (3-5 kHz) and analyzed on-line using custom-made software for IgorPro (Wavemetrics Inc., Lake Oswego, OR, USA). NMDAR-mfLTP magnitude was quantified by averaging synaptic responses, for 10 min periods right before and 20 min after the induction protocol. Statistical significance between means was calculated using Student's t test. In all figures, error bars indicate ± SEM, and averaged traces include 15-30 consecutive individual responses. NBQX, D-APV, picrotoxin, CGP 55845, DCG-IV, GYKI 53655, CPP, MPEP, CPCCOEt, ruthenium red, and cyclopiazonic acid were obtained from Tocris-Cookson Inc. (Ellisville, MO, USA). Heparin, BAPTA, and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), and GDP-bS was purchased from Biomol (Plymouth Meeting, PA, USA). Recombinant light chain of botulinum neurotoxin (BoTx) type B was acquired from List Biological Laboratories Inc. (Campbell, CA, USA). Additional experimental procedures are described in Supplemental Data.
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